The issue of translating the planning of arm movements into muscle forces is discussed in relation to the recent discovery of structures in the spinal cord. These structures contain circuitry that, when activated, produce precisely balanced contractions in groups o f muscles. These synergistic contractions generate forces that direct the limb toward an equilibrium point in space. Remarkably, the force outputs, produced by activating different spinal-cord structures, sum vectorially. This vectorial combination of motor outputs might be a m echa nism for producing a vast repertoire of motor behaviors in a simple manner.
Introduction
To specify a plan of action the central nervous system must first transfer the sensory inputs into m otor goals, such as the direction, the amplitude, and the velocity of the intended movement. Then, to execute movements, the CNS must convert the desired goals into signals that control the muscles that are active during the execution of even the simplest kind of limb trajectory. Thus, the CNS must transform information about a small number of variables (direction, amplitude and velocity) into a large num ber of signals to many muscles.
Any transform ation of this type is "ill-posed" in the sense that an exact solution might either not be available or not unique. For instance, if the goal is to move the hand from an initial position [A] , to a point [B] in space, then, clearly there are a num ber of possible hand trajectories that could achieve this goal: the solution of this elementary m otor problem is not unique. Even after the central nervous system has chosen a particular path for the hand, its im plementation can be achieved with multiple combinations of joint mo tions at the shoulder, elbow and wrist -again the solution is not unique. Finally, because there are many muscles around each joint, the net force gen erated by their activation can be achieved by a variety of combinations of muscles. The situation is even more complex at the level of individual muscles: potentially the nervous system must spec ify the activation level of each m otor unit.
Recently, a way to transform m otor goals into the muscle synergies that subserve a limb's move ment has been described. Electrical and chemical (NMDA) stimulation of the interneuronal cir cuitry of the spinal cord has been shown to impose a specific balance of muscle activation leading to a convergent force field.
Description of Convergent Force Fields (CFFs)
In this section, we describe the results we ob tained through m icrostimulation of the lum bar re gion of the spinal cord in spinalized frogs. Bizzi et al. (1991) and Giszter et al. (1993) elicited the activation of the leg's muscles by microstimulating the lateral and interm ediate neuropil zone (300 to 1000 |im in depth and 200 to 500 f-irn from the mid line). Each stimulus consisted of a train of anodal current impulses. Typically, the train lasted 300 msec. The peak current's amplitude ranged between 1 and 8 (iA. This peak magnitude corre sponded to an estim ated stimulation volume of less than 100 |xm radius. Enough current was used so as to elicit measurable mechanical responses 0939-5075/98/0700-0510 $ 06.00 © 1998 Verlag der Zeitschrift für Naturforschung, Tübingen • www.znaturforsch.com. D while remaining close to the threshold of EM G activations.
To measure the mechanical responses of the ac tivated muscles, Bizzi et al. attached the right an kle of the frog to a six-axis force transducer, as shown in Fig. 1 . The transducer held the ankle ap proximately level with the acetabulum. The trans ducer was m ounted on a two-axis Cartesian m a nipulator, and the Cartesian location of the frog's ankle was set using this m anipulator. The x-yplane corresponded approximately to the hori zontal plane. The output of the transducer was a set of three forces and three torques. In the experi ments described here only the x and y com ponents were considered. Following the microstimulation of the spinal cord, Bizzi et al. observed a change in the forces at the ankle after a latency of be tween 30 and 150 msec. (Most response latencies were at about 100 msec.) The forces rose to a pla teau level, and then declined to the baseline level after a variable period (300 msec to 2 sec) following the term ination of stimulation. A t each ankle location, the net force vector, F, obtained in response to stimulation, was expressed as the sum of two components -the "resting" force vector, Fr, and the "active" force vector, Fa: F = FT + Fa.
(1)
The resting force vector corresponded to the force measured before the onset of the stimulus. The active force vector, Fa = F -Fr, represented the additional forced induced by our stimulus. The active field was generated only by those muscles directly or indirectly activated in response to stim ulation.
As the electrode penetrated deeper into the cord, the orientation of the "active," above-base line force vector recorded at a given leg position generally remained constant. Its magnitude usu ally varied, reaching a peak at the site of lowest threshold. Normally, as long as a single electrode penetration remained in the lateral neuropil, the same force orientation was m aintained at depths ranging from 400 to 800 ^im, and the same collec tion of muscles was activated.
To record the spatial variations of forces gener ated by the leg muscles, Bizzi et al. followed a three-part procedure. First, they placed the frog's leg at a location within the leg's workspace. Sec ond, they stimulated a site in the spinal cord and recorded the direction and amplitude of the elic ited isometric force at the ankle. Third, they re peated the stimulation procedure with the ankle placed at each of 9 -1 6 locations. These locations sampled a large portion of the region of the hori zontal plane that could be reached by the frog's ankle (i.e., the leg's workspace). At each location, they stimulated the same site in the spinal cord and recorded the force vector, F -(Fx, Fy) at the ankle. Although the site of spinal cord stimulation was constant throughout, they found that the elic ited force vector varied as they placed the leg at different locations. These changes in force throughout the workspace resulted from a variety of mechanical factors such as the length, moment arms, and viscoelastic properties of the muscles. In addition, reflex modulation of the muscles' activa tions played a role in the development of the forces at the ankle.
The collection of the measured forces corre sponded to a force field (Fig. 1) . Remarkably, in most instances (80%), the spatial variation of the m easured force vectors resulted in a field that was at all times both convergent and characterized by a single equilibrium point (i.e., a point at which the amplitude of the Fx and Fy force components was zero). This equilibrium point represented the locus at which the leg would have been at steady state if it were free to move. The temporal evolu tion of the total force field caused a smooth move m ent of the equilibrium point from its position at rest to a new position at peak force magnitude and then back to the resting position. This motion of the equilibrium point constitutes what has been called the "virtual trajectory." The virtual trajec tory is defined as the trajectory of positions at which the leg would experience no net force.
Bizzi et al. and Giszter et al. found that the inter pretation of the force field data was simplified when the baseline forces (representing the resting field) were removed. Following a division of the total field into active and resting fields, they found there were im portant distinctions between the active and the total fields. The equilibria of the total recorded fields were spread across the work space. However, they found that the active-field data fell into a few classes or force field types (Fig. 2) . When they varied the duration and ampli tude of stimulation, they found that the structure of the peak active field remained constant. (In other words, the orientation, the relative propor tions of force vector magnitudes, and the equilib rium location were stable.)
Different Types of Force Fields
A fter mapping most of the prem otor area of the lumbar cord, Bizzi et al. (1991) and Giszter et al. (1993) reached the conclusion that there are at least four areas from which four distinct types of CFFs are elicited. Within each region, a qualita tively similar set of x and y forces were produced. This map of postures is shown in Fig. 2 .
Recently, Giszter et al. (1998) perform ed an other series of mapping experiments of the lumbar spinal cord, and used a m easurem ent grid at a finer grain. They examined the spatial variations of force production and muscle activity across the entire lumbar spinal cord in six frogs at 2 0 0 micron intervals mediolaterally and dorsoventrally, and 1 [im intervals rostrocaudally. The recorded data represent a three dimensional map of the lumbar cord. In order to generate these maps, they fo cused on m easurem ent of force samples at a fixed limb configuration. This restriction of data collec tion to single force vectors rather than fields was done to make the mapping experiments feasible. Full force field collection at the density of sam pling used in this study would not be possible be cause of the data explosion of at least an order of magnitude that would be required for force field description. By normalizing individual force samples and using kernel smoothing, they obtained probability distributions for force directions in the total data set. They observed that only a few directions were very strongly represented. This result confirms previous results. In the course of these experi ments, they recorded the electromyographic (EM G) patterns from 11 of the legs' muscles in six frogs. The analysis of these indicated that a few (one or two) EM G patterns may be associated with a given force direction.
Control Experiments
A priori, there are a num ber of structures in the spinal cord whose activation might give rise to CFFs. For instance, CFFs might derive (A) from stimulation of the intraspinal com ponents of sen sory and descending fibers; (B) from current spreading to the m otoneurons and to the afferent fibers ending upon them, either randomly or in accordance with their topographic organization; or (C) from activation of long and short propriospinal INs. The following experiments were de signed to explore these alternatives.
CFFs are elicited in chronically transected frogs
Giszter et al. (1993) kept chronically transected frogs alive up to six weeks before performing microstimulation. U nder these circumstances, all descending tracts and their synaptic arbors have degenerated. In these chronically transected ani mals, fields were essentially unchanged compared to fields recorded in acutely transected animals.
CFFs are found in acutely deafferented frogs
Loeb et al. (1993) have dem onstrated identity of force field patterns at a single spinal cord site both before and after acute deafferentation. Thus, the pattern of afferent impulses and the presence and topography of afferent terminals are not necessary for the generation of CFFs.
CFFs are found in chronically deafferented frogs
Giszter et al. (1993) microstimulated chronically deafferented spinal frogs and found that the CFFs with equilibria persisted. To obtain complete de generation of afferent fibers, they allowed a full three weeks after the bilateral section of roots 1 0 , 9, 8 , and 7. Microstimulation perform ed in these chronically deafferented, but acutely spinalized frogs showed that both the strength of the fields and their convergent tendency were preserved though some disorganization was seen in a few fields.
Direct stimulation o f m otoneuronal areas does not usually result in CFFs
When Giszter et al. placed m icroelectrodes di rectly among the m otoneurons' somas or in the ventral roots, they often obtained force fields with divergent or parallel patterns rather than con vergent patterns.
CFFs and natural behaviors
Gizster et al. (1993) and Tresch (1997) have shown that, qualitatively and quantitatively, force fields similar to those induced by microstimulation are elicited in spinal frogs by cutaneous stimula tion.
Conclusions Derived from Control Experiments
Taken together, the results indicate that the electrical and chemical stimulation of the prem otoneuronal circuitry imposes a specific balance of muscle activations leading to a convergent force field. These muscles' activations cannot be estab lished by current spread or random activation of motoneurons. Neither can they be the result of ac tivating the fibers of passage belonging to the sen sory and descending systems. On the basis of these control experiments, the conclusion was reached that the intrinsic interneural circuitries of the spinal cord must be the source of the specific types of convergent force fields.
Convergent Force Fields Elicited by Chemical Stimulation
With electrical stimulation, it is not clear, even in chronically deafferented preparations at what level the interneuronal systems are being stim ulated: somas, dendrites, axons and nerve term i nals can all be depolarized by current. For this reason, Saltiel et al. (1998) induced force output from the spinal cord of the frog by using a com pound that is known to activate only somas and dendrites (Saltiel et al., 1996) . NM DA microionto phoresis was used with current and duration param eters expected to produce a spread esti m ated at 150-270 (im radius.
This study confirmed that the spinal cord pro duces a limited num ber of discrete m otor outputs, identified as five preferential directions of the iso metric force vector recorded at the ankle in a sin gle limb position. NMDA iontophoresis was ap plied to 229 sites of the lumbar spinal cord gray while monitoring the isometric force output of the ipsilateral hindlimb at the ankle. A force response was elicited from 69 sites. A t 18 of these sites, tonic forces were generated, and at 44, rhythmic forces were generated. In the case of tonic forces, their directions clustered along four orientations: lateral extension, rostral flexion, adduction and caudal extension. For the entire set of forces (tonic and rhythmic), the same clusters of orientations were found with the addition of a cluster directed as a flexion towards the body. This distribution of force orientations was quite comparable to that ob tained with electrical stimulation at the same sites, although they did not necessarily match at indivi dual sites. The map of tonic responses revealed a topographic organization; each type of force ori entation was elicited from sites that grouped to gether in zones at distinct rostrocaudal and depth locations. In the case of rhythmic sequences of force orientations, some were distinctly more com mon, while others were rarely elicited by NMDA. Mapping of the most common rhythms showed that each was elicited from two or three regions of the cord. These regions were close in location to the tonic regions which produced those forces that represented components specific to that rhythm. There was an additional caudal region from which the different rhythms could also be elicited. Taken together, these results support the concept of a m odular organization of the motor system in the frog's spinal cord and delineate the topography of these modules. They also suggest that these modules are utilized by central pattern generators.
These results suggest that the different types of responses organized within the spinal cord, evoked either by NM DA or by microstimulation, might be combined together in order to create complex behaviors, such as those produced during rhythmic pattern generation. One mechanism by which these responses might be combined flexibly in order to create more complex behaviors is de scribed in the next section.
Vector Summation of CFF Modules: Costimulation of Two Sites in the Spinal Cord
One of the most rem arkable observations de rived from the m icrostimulation of the frog spinal cord has been that the fields induced by the focal activation of the spinal cord follow a principle of vectorial summation. Specifically, Mussa-Ivaldi et al. (1994) have investigated vectorial summation with the following experim ental paradigm. First, a focal electrical stimulation was delivered to a site, A, of the spinal cord and the subsequent active field ^aC*) was determ ined by measuring a set of force vectors at distinct ankle locations. Following the m easurem ent of O a (x), a second electrical sti mulation was applied to a different site, B, and a field <J>B(*) was derived. From these two fields their sum, <J>z(.r) = + $bW > was computed at all the sample points. Finally, another active field, 0 &(x), was m easured by stimulating the sites A and B simultaneously. W hen Mussa-Ivaldi et al. compared the "costimulation fields", <I>&(jc), with the corresponding "summation fields", they found that in 80% of cases the two fields were equivalent.
The observation that force fields sum vectorially suggests a way to relate natural movements to spi nal cord microstimulation. Diverse neural signals conveyed by afferent inputs or descending tracts may gain access to the prem otor areas described by Bizzi (1991) and , and in this way specify the activation of a set of muscles. Physio logical movements result from patterns of neural activity distributed by afferent fibers and/or by de scending branching fibers throughout fairly wide regions of the spinal cord. The activity conveyed by these branches may stimulate local clusters of cells that in turn generate force fields. O ur as sumption is that these fields sum like the con vergent force fields generated by our electrical or chemical stimulation, leading to the possibility that a wide range of behaviors can be created by the summation of these different force fields.
The Mechanical Basis of Summation: Costimula tion of Muscles and Kinematic Redundancy
Mussa-Ivaldi et al. (1994) also observed vector summation as a result of muscle costimulation. In this case, they repeated the procedure described above while stimulating two muscles instead of two sites of the spinal gray. The summation of end point force fields is not surprising when the limb is kept in a non-redundant kinematic configuration (i.e. when the number of endpoint coordinates does not exceed the degrees of freedom upon which muscles exert their action). Each endpoint position determines a corresponding set of joint angles; for each set of joint angles, each muscle generates a well-defined joint torque vector and a corresponding endpoint force; the net torque on the limb is the sum of individual torques (in effect, the muscles act "in parallel" on the limb) and hence the net endpoint force field is the sum of individual muscle fields.
However, Gandolfo and Mussa-Ivaldi (1993) were quite surprised to observe endpoint field summation when the frog's leg was connected to the force sensor in a kinematically redundant con figuration. In these experiments, the foot was at tached to the sensor through a gimbal which al lowed the leg to assume a variety of configurations while the center of the foot was held at a fixed location of the plane. In particular, six joint angles (three at the hip, one at the knee and two at the ankle) were needed to define the configuration of the frog's leg. Consequently, each endpoint posi tion does not uniquely define the limb configura tion, which instead varies with the particular mus cle or muscles that are activated. Straightforward analysis is sufficient to establish that the endpoint force fields, in this case, need not combine accord ing to vector summation, even in the simple case in which independent muscles are coactivated.
Consider, for example, the fields of forces in duced at the endpoint of the redundant limb by the activation of two distinct muscles, m and n, each one acting independently on different joint angles, q x and q2. When muscle m is activated it induces a torque field t m(0). That is, for each set ting of the joint angles, q = (qx, q2, ...)> the muscle generates a well-defined joint torque vector. Simi larly, a torque field t n(0 ) is induced by the activa tion of muscle n and costimulation torque field x1.(q) is induced by activating both muscles. How ever, in the experiment, only the location of the foot is fixed. When the muscles are activated sepa rately and simultaneously, the limb assumes three different configurations qm, qn, and 0 2 corre sponding to the three experimental conditions. Consequently, there is no guarantee that the net torque field x2 (0 2 !) due to simultaneous activation of the muscles is the sum of the com ponent torque fields Tm(0 m) and tn (0 n) because the three func tions have different arguments (the three different limb configurations). By the same reasoning there is no guarantee that the corresponding endpoint force fields will combine by vector summation.
While these mechanical considerations show that the endpoint fields of a redundant limb need not to combine vectorially, they do not rule out vector summation in particular cases, nor are they sufficient to establish the expected degree of non linearity. The surprising experimental results of muscle costimulation in the redundant limb indi cated that vectorial summation is the predom inant rule describing the effect of combining two stimuli.
Discrete Organization of Movements Evoked by Intraspinal Stimulation in the Rat Spinal Cord
The results described above were all found from examination of the frog spinal cord. Although the spinal cord of the frog shares many characteristics with the spinal cords of other vertebrates, there are also significant differences (Simpson, 1976) . Because of these differences, generalizing the re sults found in the frog to other vertebrates can be difficult. There is also not as much known about the organization of the frog spinal cord as com pared to the spinal cords of other vertebrated spe cies, especially mammals.
For these reasons, Tresch and Bizzi (1995) ex amined the organization of movements obtained from applying microstimulation to the interneuro nal regions of the spinal cord of a mammal, that of the rat. The motivation for these experiments was to test whether an organization similar to that of the frog could be observed in the rat spinal cord.
The results obtained from microstimulation of the rat spinal cord were very similar to those ob tained from microstimulation of the frog spinal cord. First, microstimulation of interneuronal re gions of the rat spinal cord evoked force fields similar to those found in the frog: i.e., they were convergent. Second, there were only a small num ber of different types of force fields observed from microstimulation of the rat spinal cord, as was described for the frog. Finally, stimulation simultaneously applied to two sites in the spinal cord produced a response which was a simple lin ear summation of the responses evoked from each site separately, a result also described for the frog. The consistency of these three features -con vergence, modularity, and summation -in the re sponses evoked from microstimulation of the frog and the rat spinal cords suggest that these features might be general across different vertebrate spe cies.
The experiments in the rat also suggested a link between the organization of the responses evoked from spinal microstimulation and known aspects of the physiological organization of the m amma lian spinal cord. In particular, Tresch and Bizzi (1995) found that the anatomical organization of different types of movements within the rat spinal cord paralleled the somatotopical organization of spinal cutaneous systems. This relationship be tween the movement evoked from stimulating a site and the cutaneous receptive field of that site suggested a relationship between the movements observed from spinal microstimulation and the cu taneous systems organized within the spinal cord.
Withdrawal Reflexes are Organized into a Small Number of Distinct Patterns of Muscle Activation in the Frog
This relationship between spinal cutaneous sys tems and the movements evoked from spinal microstimulation has been explored more exten sively in a series of recent experiments (Tresch, 1997) These experim ents examined the patterns of muscle activations underlying withdrawal reflexes and com pared these patterns to those evoked from m icrostimulation of the frog spinal cord. The first observation Tresch and Bizzi (1995) made was that the withdrawal reflexes in the frog were organized in term s of a small num ber of discrete patterns of muscle activations. Each activation pattern was preferentially evoked from cutaneous stimulation of a particular region of the hindlimb skin surface: one from the back of the calf, one from the foot, and one from the front of the calf.
Tresch, in his thesis, then compared these dis tinct patterns of muscle activations to the distinct patterns of muscle activation evoked from spinal m icrostimulation of the frog spinal cord described previously (Bizzi et al., 1991; Giszter et al., 1993) . He assessed the degree of similarity between these responses by using a num ber of different quantita tive methods. He found that each method of com parison showed that the two sets of responses were, in fact, very similar to one another. This re sult suggests a relationship between the move ments evoked from spinal microstimulation and the spinal neural systems underlying withdrawal reflexes. This relationship helps to place the results observed from spinal stimulation by Bizzi et al. (1991) and Giszter et al. (1993) in a physiological context. One of the main concerns with using m icrostimulation anywhere in the nervous system is the extent to which the effects of such stimula tion reflect the normal physiological function of the stimulated substrate. By demonstrating the similarity between the responses from spinal m icrostimulation and withdrawal reflexes, Tresch concluded that the responses from spinal micro stimulation are physiologically relevant. Given the nonspecific nature of microstimulation, this obser vation is im portant.
Despite the similarity between the two types of responses, Tresch and Bizzi (1995) consistently ob served that the responses were not identical. These systematic differences might arise for a number of reasons. For instance, the difference might arise because the responses from spinal stimulation re flect the organization of both spinal cutaneous sys tems and some other, currently uncharacterized, spinal system, such as that activated by proprio ceptive systems. Similarly, the difference could re suit from the fact that the only cutaneous behavior Tresch examined was withdrawal: other behaviors organized in the spinal cord, such as scratch re flexes, might also be expected to be related to the cutaneous somatotopical organization of the spi nal cord. However, the similarity between the two types of responses does suggest that m icrostimula tion of the spinal cord is reflecting the organiza tion of spinal cutaneous systems to a large degree.
A nother observation Tresch and Bizzi (1995) made was that the responses from spinal micro stimulation did not appear to be more simple or fundamental to the production of behavior than the withdrawal reflexes themselves. In both types of responses, there was a similar num ber of muscles activated. This observation suggests that the spinal responses are similar to withdrawal re flexes as a whole, and do not represent com po nents of these behaviors.
Conclusions
It is striking that all three methods of evoking movements from the spinal cord examined in these experiments: spinal microstimulation, NMDA iontophoresis, and of cutaneous stimula-
